Silicone dioxide (SiO 2 ) layer as an electrical insulator and diffusion barrier was deposited on a flexible stainless steel substrate by plasma enhanced CVD process. And we deposited Mo/Na-doped Mo bi-layer back contact on the oxide layer in order to supply Na into the CIGS absorber. Then we deposited CIGS layer by three-stage process using elemental co-evaporation method and completed the solar cell fabrication. Without antireflection coating, the best CIGS solar cell on the stainless steel showed the conversion efficiency of 10.57 % with J sc = 33.38 mA/cm 2 and V oc = 0.519 V and FF = 0.61 for an active area of 0.45 cm 2 .
Introduction
For the last few years interests in flexible thin film solar cells have been growing. For space appilcations, flexible CIGS solar cells can save weight and therefore reduce launch costs significantly. Furthermore, CIGS solar cells are considered favorably because of their tested high resistance to radiation damage in outer space [1] . Also for building integration, they are applicable to uneven surfaces such as tiles. Several groups have been reported within the past years on the development of flexible CIGS solar cells [2] [3] . Strong candidates for the flexible substrate are polymer sheet, such as polyamide, and stainless steel. However, since the polyamide decomposes below 400 , it is not suitable for high temperature process of CIGS film [4] . Therefore the stainless steel has attracted an attention for a substrate of high efficiency flexible CIGS solar cells. Also a diffusion barrier is very important for flexible solar cells. In general, the diffusion barrier has two functions, which are electrical insulator and diffusion barrier of impurities from the stainless steel [5] . Silicone dioxide (SiO 2 ) is known as a good diffusion barrier and can be deposited by plasma enhanced CVD or sol-gel process. Particularly, SiO 2 by plasma enhanced CVD can withstand both the high temperature CIGS process and the structural procedures. In our study, we utilized SiO 2 films by plasma enhanced CVD as a diffusion barrier. Then we fabricated flexible CIGS solar cells on the stainless steel substrate and examined their photovoltaic properties.
Experimental Procedure
Stainless steel with a thickness of 0.1 mm was used as a substrate. Pinhole-free SiO 2 layers for electrical insulator and diffusion barrier were deposited on the stainless steel by plasma enhanced CVD process. And Mo/Na-doped Mo bi-layer back contact on the oxide layer was deposited in order to supply Na into the CIGS absorber by DC sputtering. CIGS films were deposited by a three-stage process using the elemental co-evaporation of Cu, In, Ga and Se. And 50 nm thick CdS films were deposited on the CIGS absorber layers by the chemical bath deposition (CBD) technique. Then, i-ZnO and n-ZnO for transparent oxide were sequentially deposited by RF sputtering. A 500 nm thick Al as a top electrode was finally deposited using thermal evaporation [6] . The structure of flexible CIGS solar cell on the stainless steel substrate is schematically displayed in figure 1. And figure 2 shows the completed flexible CIGS solar cell on the stainless steel (5 cm 5 cm).
Atomic force microscopy (AFM) was used to observe the surface morphology of the SiO 2 films. And scanning electron microscopy (SEM) was utilized to determine the microstructure. The photovoltaic properties were measured using current-voltage analysis under AM 1.5, 100 mW/cm 2 illuminations. Also quantum efficiency measurement and dark current-voltage analysis were conducted to investigate the cell performance. 
Results and Discussion
Microstructural Analysis. The surface morphology of SiO 2 films was analyzed by AFM. Figure  3 shows the roughness change between before SiO 2 deposition and after SiO 2 deposition. Figure 1 (a) and 1(b) are stainless steel substrates without SiO 2 and with 3 µm thick SiO 2 , respectively. After SiO 2 film is deposited, the surface roughness decreases from 50 nm to 20 nm. With the results shown below, it is understood that the deposition of SiO 2 films improves the flatness of the substrate. Advances in Nanomaterials and Processing deposited on the stainless steel with sustaining good adhesion. In particular, Na-doped Mo layer was deposited in order to supply Na into the CIGS absorber, because Na not only increases the grain size of CIGS films but also increases the doping concentration in the p-type CIGS films. The bi-layered Mo is deposited uniformly on the oxide layer. Figure 4 (b) shows 2 µm thick CIGS films on Mo/Na-doped Mo bi-layer. As shown below, CIGS films are deposited very smoothly without the influence of the insertion of SiO 2 layer on the stainless steel. Photovoltaic Properties. Figure 5 shows the current-voltage curves of CIGS solar cell on the stainless steel and the soda-lime glass under light illuminations. These solar cells were fabricated without antireflection coating. The best CIGS solar cell on the stainless steel showed the conversion efficiency of 10.57 % with J sc = 33.38 mA/cm 2 and V oc = 0.519 V and FF = 0.61 for an active layer of 0.45 cm 2 (Figure 5(a) ). Also the cell parameters of the CIGS solar cell on the soda-lime glass were: η = 16.18 %, J sc = 36.23 mA/cm 2 , V oc = 0.639 V, FF = 0.69 for an active layer of 0.45 cm 2 (Figure 5(b) ). The CIGS solar cell on the stainless steel showed the lower photovoltaic properties compared to the CIGS solar cell on the soda-lime glass. Particularly, it was found that the open circuit voltage was much lower, suggesting that more Na doping into CIGS layer is necessary to achieve higher conversion efficiency. Figure 6 shows the spectral quantum efficiency in the CIGS solar cell on the stainless steel. The CIGS solar cell on the stainless steel shows lower efficiency in the range of 730 nm to 1050 nm wavelength, compared to that on the soda-lime glass. The results of the spectral quantum efficiency explain the lower short circuit current in the CIGS solar cell on the stainless steel.
The lower open circuit voltage is usually related to poor junction property. Figure 7 shows the dark current-voltage curves of CIGS solar cell on the stainless steel and the soda-lime glass. As shown in figure 7 , the dark current density of CIGS solar cell on the stainless steel is much larger than that on the soda-lime glass. The result suggests that Na doping in CIGS solar cell from the Na-doped Mo layer is not enough to obtain a steady junction. Therefore, it is necessary to increase Na-doping in CIGS layer.
Conclusions
Silicone dioxide (SiO 2 ) layer as an electrical insulator and diffusion barrier was deposited on the flexible stainless steel substrate. And Mo/Na-doped Mo bi-layer back contact on the oxide layer was deposited in order to supply Na into the CIGS absorber. Then CIGS layer was deposited by three-stage process using elemental co-evaporation method and the solar cell fabrication was completed. The insertion of SiO 2 layer improved the surface roughness of the stainless steel as well as electrical insulation. Mo/Na-doped Mo bi-layer and CIGS films were deposited smoothly without the influence of the insertion of SiO 2 layer. Without antireflection coating, the best CIGS solar cell on the stainless steel showed the conversion efficiency of 10.57 % with J sc = 33.38 mA/cm 2 and V oc = 0.519 V and FF = 0.61 for an active area of 0.45 cm 2 . Compared to the CIGS solar cell on the soda-lime glass, lower open circuit voltage of the CIGS solar cell on the stainless steel suggested that Na doping in CIGS solar cell from the Na-doped Mo layer was deficient to obtain a steady junction.
